Since the demonstration that Ca+ influx into the presynaptic terminal is esential for neurotransmitter release, there has been much speculation about the Ca2+ receptor responsible for i ,niting ex ts. D3, D37, D39, and D45 were generated with ethyl methanesulfonate as described (7). Alleles N10, N13, and N28 were generated by imprecise excision of the 177 P-element insertion in syt.
positioning the protein close to the site ofCa2+ influx. Recently, a negative regulatory role for synaptotagmin has been proposed, in which it unctions as a damp to prevent fusdon of synaptic vesiles with the presynaptic membrane. Release of the damp would allow exocytosis. Here we present genetic and electrophysological evidence that synaptotagmin forms a multimeric complex that can fnction as a clamp in vivo. However, upon nerve stimulation and Cae+ infu, all synaptoagmin mutations dramatically decrease the ability of Ca2+ to promote release, suggesting that synaptotagmin probably plays a key role In activation of synaptic vesicle fusion. This activity cannot simply be attributed to the removal of a barrier to secretion, as we cap electrophyslologically separate the increase in rate of spontaneous vesicle ftuonfrom the decrease in evoked response. We also find that some syt mutations, including those that lack the second Ca2+-binding domain, decrease the fourthorder dependence of release on Ca2+ by approximately half, consistent with the hypothesis that a synaptotagmin complex functions as 'a Ca2+ receptor for initiating exocytosis.
In 1965 Katz and Miledi (1) demonstrated that Ca2W influx into the presynaptic terminal triggered neurotransmitter release. The molecular mechanisms underlying the docking and Ca2 -activated fusion of neurotransmitter-containing synaptic vesicles with the presynaptic membrane have been intensively studied in recent years. It has become apparent that a substantial fraction of proteins involved in this process are conserved from yeast through human (for review, see ref.
2), suggesting a conserved mechanism for membrane trafficking. In addition to these conserved membrane trafficking proteins, several synapse-specific proteins, including synaptotagmin (3), have been implicated in neurotransmitter release. Homologues for synaptotagmin have now been identified in several invertebrate species such as Caenorhabditis elegans (4) (8, 9) . In addition, synaptotagmin has been reported to interact with several other synaptic proteins (10) (11) (12) , suggesting a role in docking and/or fusion of synaptic vesicles with the presynaptic membrane. Drosophila syt is expressed in all neurons, and antibodies raised against the protein show that it is localized specifically to synapses (6) . Mutations in Drosophila syt were isolated by using chemical and transposon mutagenesis, and a preliminary analysis of the mutant phenotype associated with a partial loss-offunction allele of syt (sytTlI) indicated a slight increase in the spontaneous release of synaptic vesicles and a dramatic decrease in evoked release (7) . To further characterize the role of synaptotagmin in vivo we have generated eight additional syt mutations and show that many syt alleles exhibit intragenic complementation. Analysis of the electrophysiological properties of nine different heteroallelic mutations provides evidence that synaptotagmin acts in a multimeric complex and is a key component of the Ca2+-sensing mechanism activating neurotransmitter release.
MATERIAL AND METHODS
Isolation and Rescue of Synaptotagmin Mutants. Alleles D2, D3, D37, D39, and D45 were generated with ethyl methanesulfonate as described (7) . Alleles N10, N13, and N28 were generated by imprecise excision of the 177 P-element insertion in syt. The isolation of these alleles is described elsewhere (13) . Absence of synaptotagmin protein was determined by immunocytochemical staining with antibody DSYT2 as described (6) . Lethal phase was assessed as described (7) . A transgenic strain carrying a syt cDNA under control of the elav promoter and regulatory sequences (14) was from A. DiAntonio and T. Schwarz (Stanford University Medical Center) (5) and used for rescue of mutants in trans to a deficiency (N6) that completely removes the syt locus (13) .
Electrphysology at the Third-Instar Neurmuscular Junction. Dissections, nerve stimulation, and muscle recordings were done as described (7) . The Ca2+ dependence of neurotransmitter release (n) was measured as described (15) . Quantal values were corrected as described (16) . cn bw sp is the parent chromosome for most mutant combinations examined and was used as control. Table  2 ). These data provide evidence that all phenotypes discussed below are likely due to mutations in the syt gene. A quantitative analysis of the hatching frequency of each syt mutation in trans to a deficiency that completely removes the syt gene is shown in Table 1 . Many syt mutations cause homozygous embryonic or first-instar lethality, indicating that syt is required for hatching and locomotion of first-instar larvae. Table 2 shows that complementation tests between all syt alleles reveal that approximately a quarter of the heteroallelic genotypes can sometimes survive to adulthood. Some of these flies may survive because certain partial lack-of-function alleles, like Ti ), behave as dominant alleles in combination with other syt alleles. However, based on the data of Tables 1 and 2 , we conclude that several severe lack-of-function syt alleles that are homozygous lethal (e.g., D3, D37, AD2, and others) complement each other partially. This form of intragenic complementation is typically observed in genes that encode proteins that are part of multimeric complexes, such that mutations in one domain of the protein may partially compensate for mutations in another domain, alleviating the mutant phenotype (17) . These observations also suggest the presence of several independent domains within synaptotagmin that may play different roles in neurotransmitter release. One of the hallmarks of intragenic complementation is that the two defective proteins encoded by different alleles rarely function as wild-type proteins (17) . The data summarized in Table 2 show that none of the syt mutants fully complement each other with respect to the expected Mendelian ratios of adult progeny recovered. In addition, all recovered adult flies exhibit behavioral defects. Fig. 1 shows the results of our attempt to qualitatively evaluate the synaptotagmin phenotype from most abnormal to most normal on the basis of responds normally to released neurotransmitter and that the defect we observe in evoked response is presynaptic. The observed increase in MEJPs, however, cannot fully account for the reduction in evoked response or the changes in the Ca2+ dependence of release, as the MEJP increase in syt mutations can be electrophysiologically separated from the dramatic decreases in evoked responses. As shown in Fig.  2D , the TJJ/AD3 and T41/AD2 larvae have no significant differences in MEJP frequency but exhibit dramatic differences in the amplitude of evoked responses ( Fig. 2A) and n (Fig. 2C) .
DISCUSSION
Approximately 20 mutations in Drosophila syt have now been isolated. Complementation tests between severe loss-offunction syt mutant alleles that are homozygous lethal show that many alleles can partially complement each other. This type of intragenic complementation is often seen with genes that encode proteins that are part of a multimeric complex. As synaptotagmin has been shown to form a homotetramer (20) and to interact with a number of presynaptic proteins such as syntaxins (10), neurexins (11) , and Ca2+ channels (12) , the intragenic complementation data support the idea that these multimeric interactions play an important role in vivo and that multimerization of different syt alleles can partially restore critical aspects of syt function disrupted by individual mutations. These data also indicate that synaptotagmin has different and partially independent functional domains.
Intragenic complementation has allowed us to recover viable third-instar larvae trans-heterozygous for many syt alleles. Our recordings from these larva reveal that transheterozygous syt mutants can be subdivided into two main categories: (i) those that exhibit a sigmoidal Ca2+ response curve (Fig. 2B) , reflecting an n of 3.6 (Fig. 2C) , but require higher Ca2+ concentrations to evoke release and (ii) those that show a more linear-response curve (Fig. 2B ) with an n of 1.5-2.0, approximately half of wild-type value. In addition to the dramatic decrease in neurotransmitter release, any perturbation in synaptotagmin, regardless of changes in n, can partially uncouple the fusion process from Ca2+ influx and increase spontaneous vesicle fusion, consistent with a role for synaptotagmin as a clamp to prevent vesicle fusion in the absence of Ca2+.
The changes in Ca2+ dependence of neurotransmitter release in the second class of syt mutants suggest that synaptotagmin may function as a Ca2+ receptor for initiating exocytosis. Because an individual C2 domain can bind Ca2+ (9), because each synaptotagmin molecule contains two C2 domains, and because synaptotagmin is likely to form a tetramer (8, 20) , it is tempting to speculate that the reduction in Ca2+ cooperativity of neurotransmitter release in many trans-heterozygous mutants reflects specific alterations in the multimeric structure of synaptotagmin or, alternatively, alterations in the interactions between synaptotagmin domains. This hypothesis is strengthened by the molecular defects found in several syt mutants used in this study (see Fig. 3 ). As shown in Table 2 , AD4, N13, and D39 behave as null alleles, as no trans-heterozygotes can be recovered, and these alleles do not contain one complete C2 domain (refs. 13 and 21; Sandra Kooyer and H.J.B., unpublished data). The AD] allele lacks the second C2 domain (21) , and relatively few mutant alleles are viable in combination with AD), but those that do survive have an n = 1.6 ( Table 3 ). The AD3 mutation has an altered amino acid in the second C2 domain (21) and, hence, is likely to be a less severe loss-of-function allele than AD). Interestingly, all tested trans-heterozygotes that contain an AD3 allele exhibit a Ca2+ cooperativity of n = 3.6, but the release mechanism requires higher levels of external Ca2+. Comparison of the behavioral defects with the underlying electrophysiological properties in the mutants leads to several interesting observations. Mutants carrying the AD) and AD2 alleles decrease the third-to fourth-order Ca2+ dependency but appear the most normal behaviorally, whereas mutants carrying the AD3 allele are the most be- (22) . dunce mutations are known to cause elevated cAMP levels (23) . In addition, one observes an increase in release probability and evoked responses in dunce mutations (22) instead of a decrease, as seen in syt mutants. The increase in cAMP concentration may alter the phosphorylation state of many proteins (24) involved in the release process, leading to many defects, including aberrant synaptic facilitation and potentiation (22) .
Concurrent work on docking and fusion of synaptic vesicles has led to a model of synaptic vesicle trafficking in which the synaptic vesicle protein VAMP/synaptobrevin forms a docking complex with the presynaptic membrane proteins SNAP-25 and syntaxin (25) . Recruitment (5, 7, 26) suggests that there is an additional Ca2+-dependent process to the aforementioned putative vesicle docking/fusion complex. It is possible that the constitutive fusion pathway of all cells shows a slight Ca2+ sensitivity (27, 28) , similar to that seen in syt null mutants (26) . It is likely that neuronal-specific proteins like synaptotagmin have evolved to allow the transformation ofa conserved vesicle trafficking system used in all cells into the rapid and efficient Ca2+-dependent exocytosis characteristic of neuronal communication.
